Abstract
Introduction

28
The lifespan of vertebrate species spans two orders of magnitude from few months for annual killifish 29
(1) to several centuries for the greenland shark (2). Understanding the genetic architecture underlying 30 these differences is a major challenge but may deliver new insights into the mechanisms controlling 31 evolution of lifespan and human longevity. 32
Next-generation sequencing technology has revolutionized evolutionary genomics as it allows to obtain 33 genome-scale sequence information for large number of species. A particularly useful approach to 34 identify the genetic architecture of evolutionary novelties is the analysis of positive selection. This 35 approach requires the comparison of the sequence of protein-coding genes in related clades where one 36 of the clades evolved the trait of interest, in this specific case exceptional lifespan. To date, several 37 different mammalian taxa/clades where analysed with this approach with the purpose of identifying 38 sequence changes associated to evolution of longevity: the elephant, the bowhead whale, bats and 39 mole-rats (3-8). These analyses delivered interesting candidate genes and pathways that underwent 40 accelerated molecular evolution in coincidence with evolution of exceptional lifespan. A major drawback 41 of this approach is that these long-living mammals are difficult or impossible to be kept in captivity and 42 manipulated experimentally. This creates the need for a long-lived vertebrate that is small in size, easily 43 adaptable to captive life, can be bred in large numbers and therefore represents a convenient 44 experimental model organism. 45
Standard evolutionary theories of aging predict that low extrinsic mortality conditions lead to the 46 evolution of slow senescence and increased lifespan. Some examples that confirm these theories are the 47 exceptional longevity of vertebrate species under low predation risk since they are chemically protected 48 (9, 10), adapted to an arboreal life (11) or found in protected environments such as caves, respectively. 49
On the other hand, annual fishes of the genus Nothobranchius provide an example of how increased 50 extrinsic mortality conditions lead to the evolution of accelerated senescence and short lifespan (12) (13) (14) . 51
Analysis of positive selection in annual killifishes revealed a potential link between the evolution of 52 genes governing mitochondrial biogenesis and the evolution of lifespan (15). 53
All clownfish species (genus Amphiprion) evolved a specific adaptation that allows them to live in 54 symbiosis with sea anemones. Symbiosis evolved in the last common ancestor of clownfish and 55 clownfish represent a monophyletic group in the Pomacentridae family (damselfishes) (16). In the Indo-56 Pacific Ocean, clownfishes are found in association with one or more sea anemone species and a large 57 variation in host usage exists (17) (18) (19) . Fish that feel threatened by predators immediately seek 58 protection by the anemone's tentacles; without that symbiosis, fishes are readily attacked and predated 59 (20) (21) (22) . Therefore, clownfish are protected from predation through reduction of extrinsic mortality 60 owing to the presence of anemones (23). Hence, the overall mortality rate of clownfish is low as 61 compared to other coral reef fishes or other tropical species of Pomacentridae of the same size (20, 23-62 26) .resident benthic predators and vice versa. In the presence of both groups of predators, mortality 87 increases dramatically due to the lack of available refuge that expose Chromis to intense predation (36). 88 Therefore, Chromis viridis represent a well-suited outgroup for our analysis because it shares with 89 clownfishes several general traits linked to benthic life and symbiosis with corals but it is subject to 90 much higher predation rates (Fig. 1) . 91
Captive lifespan of clownfishes
92
In order to obtain a reliable lower estimate for the captive lifespan of clownfish species, in 2016 we 93 distributed a questionnaire to researchers working with clownfishes and to public aquaria across Europe 94 (Table 1/ S1), and surveyed existing literature. For six different species, at least one individual was 95 reported to have lived more than 10 years and for two different species, A. melanopus and A. ocellaris, 96 we obtained record of animals alive and actively spawning at an age of over 20 years. More systematic 97 data could be obtained for the species A. ocellaris (the most common species in the aquarium trade). 98
The oldest cohort for which a record was available comprised 27 fish born in 2008 of which 25 were still 99 alive in 2016. 100
We conclude that there is solid evidence that at least the species A. ocellaris and A. clarkii can live in 101 captivity for more than two decades making them the first teleost model of exceptional longevity. 102 outgroups were a selection of species from the series Ovalentaria, whose genomes are available in 112
GenBank (see also (15)). We analysed positive selection on the branch leading to the last common 113 ancestor (LCA) of all clownfish species (Fig. 1) . 114
A total of 157 positively selected genes (PSGs) of 14214 analyzed genes were identified in the LCA of the 115 clownfishes (Table S2) . We tested for overrepresentation of gene ontology (GO, FDR <0.1) and observed 116 19 biological processes enriched for PSGs (Table 2, Table S3 ). A majority of these processes is of 117 particular interest for aging research: altogether nine enriched processes are linked to the metabolism 118 of xenobiotics, detoxification or glutathione metabolism, respectively. Interestingly, these processes 119 were shown to be strongly up-regulated in experimental conditions favoring longevity such as dietary 120 restriction and inhibition of the somatotropic axis making the animals more resistant to toxins (38-41). 121
Furthermore, experimental manipulation of mitochondrial translation, another enriched process, is 122 known to increase lifespan in C. elegans (42). 123 Furthermore, mitochondrial translation was one of the mitochondrial biogenesis processes that were 127 found to be enriched for PSGs in extremely short-lived killifishes (15). Recent observations of similar 128 genes and pathways found to be affected by positive selection, both, in very long-and short-lived 129 species led to hypotheses of antiparallel evolution (43, 44) . This means that functionally opposite 130 selection pressures with regard to the tradeoff between fast growth and a long lifespan can result in 131 adaptations of the same genes and pathways -in opposite functional directions. We further tested this 132 hypothesis by using Fisher's method to combine enrichment p-values across the results of the recent 133 positive selection analyses in short-lived killifishes and the analysis in clownfishes. In this meta-analysis, 134
34 genes exhibited a signature of positive selection (FDR<0.1) across species (Tables S4-S6) . 135 Table 3 . Positively selected genes associated with mitochondrial biogenesis identified in a meta-analysis 136 across three evolutionary clades with exceptional short or long lifespans. another interesting example that was identified as significant, both, in the clownfish LCA and in the 158 meta-analysis, is GSTK1 encoding a glutathione-S-transferase that localizes to the peroxisome. GSTK1 159 was shown to be associated with diabetes type 2 which is another major aging related disease (54, 55). 160
The positive selection analysis provides not only candidate genes but also candidate amino acids for 161 follow-up studies. To exemplify this, we performed protein homology modeling for GSTK1 starting from 162 the publicly available structures of the human dimeric apoenzyme (PDB 3RPP, (56)) and the rat dimeric 163 enzyme with the bound GSH substrate (PDB 1R4W; (57)). The latter was used to assess on a structural 164 basis the relationship of the six positively selected sites in the clownfish with those that are known to be 165 involved in the enzyme's function (57). Interestingly, also the LCA of Nothobranchius shows positive 166 selection in GSTK1 contains, in addition, one site with high probability of positive selection in the LCA of 167
Nothobranchius (Glu167, blue in Fig.2 ). The selected site in Nothobranchius, however, is structurally 168 remote to the functionally relevant sites. In contrast, we found that in clownfish two of three sites that 169
were predicted with high probability to be positively selected (≥ 95%, Phe60, Met63, red in Fig.2 ) and 170 one of three sites with lower probability (41%, His64, orange in Fig.2 ) belong to the same -helical 171 stretch of amino acids that lines the substrate access channel, contribute to the dimer interface (Asn61, 172
Tyr65, Asp69, green in Fig. 2 ) as well as to the substrate binding sites (Lys62, turquoise in Fig. 2) , 173 respectively (57). The third site with a high probability to be positively selected is Glu88 (brown in Fig 2) . 174
Glu88 is one of four amino acids at the entrance of the substrate access channel and situated in close 175 proximity to Pro55, Pro56 and Pro87 (black in Fig. 2) . The latter three are also part of the substrate 176 access channel (57). We found another site positively selected with a lower probability in close proximity 177 to the dimer interface (Lys177, orange in Fig. 2 ). This positive selection at particular positions related to 178 enzymatic function invites the speculation that it might have a bearing on the enzymatic activity of the 179 clownfish GSTK1, but this hypothesis would have to be tested experimentally. 180 213 length, 46.4±5.1 mm; Wt, 2.3±0.9 g, n=12) and Chromis viridis (total length, 43.0±1.6 mm; Wt, 1.3±0.1 g, 214 n=12), were used. Animals were acquired from local dealers and subjected to acclimation during one 215 month in the facilities of the Marine Acquarium at the University of Murcia (Spain). Fish were kept in 216 groups under exactly the same conditions (temperature, 27±1 ºC; salinity, 24±1, pH, 8±0.2; dissolved 217 oxygen, 6.5±0.2 mg/L) and fed ad libitum four times a day a standard low-fat diet to match their 218 requirements (composed by Mysis shrimp, enriched Artemia nauplii and red plankton). 219
Fish were euthanized by exposure to the anesthetic benzocaine hydrochloride (400 mg l-1) for 10 min 220 following the cessation of opercular movement. Brains, livers and samples of skeletal muscle werecollected for analyses. For each species, three whole brains were frozen in l-N and stored at -80 ºC prior 222 to molecular determinations. 223
The animal procedures were approved by responsible authorities (A13160603, from the Consejeria de 224 Agua, Agricultura, Ganaderia y Pesca, Comunidad Autonoma de la Region de Murcia, Spain). 225
Coding sequence data 226 Our analysis comprised five clownfish species (A. ocellaris, A. clarkii, A. bicinctus, A. percula, A. sebae) (Table S8 ). For A. ocellaris, A. bicinctus, A. sebae we downloaded read data 232 from the short read archive (Bio projects PRJNA374650, PRJNA261388 and PRJNA285007, respectively). 233
For A. clarkii, A. percula and C. viridis we performed novel RNA-seq as described in Table S9 . The reads 234 of the clownfishes and C. viridis were preprocessed using SeqPrep with minimum adapter length of five 235 as well as a demanded minimum read length of 50. De novo transcriptome assemblies for these species 236 were performed using FRAMA with Stegastes partitus as reference species (60). For the clownfishes and 237 C. viridis the longest isoform was chosen to represent the gene. For the outgroups, in cases in which 238 multiple isoforms per gene were annotated based on the reference, all of them were used in 239 subsequent analyses. The assembly completeness of all examined species were estimated using BUSCO 240 (61), was 90-100% (Table S8) . 241
Identification of positively selected genes
242
To scan on a genome-wide scale for genes under positive selection, we fed the coding sequences of the 243 described species set into the PosiGene pipeline (62). Stegastes partitus was used as PosiGene's anchorspecies. Orthology was determined by PosiGene via best bidirectional BLAST searches (63, 64) against 245
Stegastes partitus. The branch of the last common ancestor of the clownfishes was tested for genes 246 under positive selection (Table S2 ). FDR <0.05 was used as threshold for significance. 247
Gene ontologies
248
We determined enrichments for GO categories using Fisher's exact test based on the R package GOstats 249 (Table S3 ). The resulting p-values were corrected using the Benjamini-Hochberg method (65). We used 250 throughout the manuscript 0.1 as significance threshold. Enrichment for mitochondrial biogenesis genes 251 was tested using Fisher's exact test and the union set of the genes in the following five mitochondrial 252 related GO terms: GO:0000959, 0032543, 0045333, 0033108, 0070584 (Table S5 ). The same GO terms 253 were used in our previous study (15) to test for enrichment 254
Meta analysis
255
To identify genes that show signs of positive selection across multiple evolutionary branches on which 256 lifespan was altered considerably, we combined p-values from this study with those of two previous 257 studies using Fisher's method (66) (Table S4-S6) . In all three studies, PosiGene was used to determine p-258 values. The first study searched for genes under positive selection on 11 rodent branches on which the 259 lifespan was presumably extended -most of them in the clade of the African mole-rat family that covers 260 the longest-lived known rodents (67). The second study examined three branches of the Nothobranchius 261 genus on which lifespan was presumably reduced (15) (69, 70) using the crystal structures of the dimeric apoform of the human 266 mitochondrial GSTK1 (PDB 3rpp; (56) ) and the substrate bound dimer of the rat enzyme PDB 1r4w; (57)). 267
No further optimization was applied to the resulting models. Visualisation, superimposition of the 268 respective crystal structures and the models as well as rendering was carried out using CHIMERA (71). 269
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